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MRTPCigarette smoking causes serious and fatal diseases. The best way for smokers to avoid health risks is to quit
smoking. Using modiﬁed risk tobacco products (MRTPs) may be an alternative to reduce the harm caused for
those who are unwilling to quit smoking, but little is known about the toxic effects of MRTPs, nor were the mo-
lecular mechanisms of toxicity investigated in detail.
The toxicity of an MRTP and the potential molecular mechanisms involved were investigated in high-
content screening tests and whole genome transcriptomics analyses using human bronchial epithelial
cells.
The prototypic (p)MRTP that was tested had less impact than reference cigarette 3R4F on the cellular
oxidative stress response and cell death pathways. Higher pMRTP aerosol extract concentrations had
impact on pathways associated with the detoxiﬁcation of xenobiotics and the reduction of oxidative dam-
age. A pMRTP aerosol concentration up to 18 times higher than the 3R4F caused similar perturbation ef-
fects in biological networks and led to the perturbation of networks related to cell stress, and
proliferation biology.
These results may further facilitate the development of a systems toxicology-based impact assessment
for use in future risk assessments in line with the 21st century toxicology paradigm, as shown here for an
MRTP.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Cigarette smoking causes serious and fatal diseases such as lung can-
cer, cardiovascular disease, and chronic obstructive pulmonary disease.
Cigarette smoke (CS) is a complex mixture that contains more than
6000 identiﬁed compounds (Rodgman and Perfetti, 2013). This mixtureke; FC, fold change; FDA, Food
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. This is an open access article underis probably the most signiﬁcant source of human exposure to toxic
chemicals and the most signiﬁcant cause of chemically mediated dis-
eases in humans (Talhout et al., 2011). The World Health Organization
has estimated that, globally, nearly six million premature deaths each
year can be attributed to CS (World Health Organization, 2011, 2013).
The long-term rates at which smokers cease smoking remain very low
despite the signiﬁcant efforts that have been made to control tobacco
use and to communicate the risks of smoking. According to an analysis
of the 2001–2010USNational Health Interview Surveys data performed
by the US Centers for Disease Control and Prevention, although about
52.4% of daily smokers attempted to quit in the past year for more
than a day, only 6.2% succeeded in obtaining long-term abstinence for
six months or more (Centers for Disease Control and Prevention,
2011). The best way for smokers to prevent adverse health effects
caused by smoking is undoubtedly to quit smoking. However, for
those unable or unwilling to quit smoking, growing attention is being
paid to alternative approaches, including the use of potential “re-
duced-risk tobacco products” (Schorp et al., 2012). The enactment of
the Family Smoking Prevention and Tobacco Control Act (FSPTCA),the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ate and regulate modiﬁed risk tobacco products (MRTPs), was a signif-
icant development in tobacco control in the USA (Food and Drug
Administration, 2009). An MRTP is deﬁned in the FSPTCA as any
tobacco product that is sold or distributed for use to reduce harm
or the risk of tobacco-related disease associated with commercially
marketed tobacco products (Food and Drug Administration,
2012b). The FDA has published a draft guidance for MRTP applica-
tions in which it is stated that such applications must provide scien-
tiﬁc evidence to demonstrate that the product signiﬁcantly reduces
harm and the risk of tobacco-related disease to individual users
and beneﬁts the health of the population as a whole, taking into ac-
count both users and non-users of tobacco products. In this context,
non-clinical studies are integral for evaluating MRTPs before the
products can be clinically tested (Food and Drug Administration,
2012b). The prototypic MRTP (pMRTP) studied here is based on a
distillation technology by which tobacco is heated rather than
burned, so smaller amounts of harmful and potentially harmful con-
stituents (HPHCs) are produced than when the tobacco is burned
(Coggins et al., 1989; Food and Drug Administration, 2012a; Schorp
et al., 2012; Werley et al., 2008). A fast-lighting carbon tip is used
as a heat source, and the aerosol is created by heating the tobacco
in a controlled manner. This generates an aerosol that is primarily
composed of water, glycerol, and nicotine, and contains lower
concentrations of HPHCs, such as aldehydes and polycyclic aromatic
hydrocarbons, than does CS (Kogel et al., 2014).
The causal link between smoking and numerous diseases is well
established (Centers for Disease Control Prevention, 2010; National
Center for Chronic Disease Prevention and Health Promotion, 2014),
but there is still little understanding of the underlying molecular
mechanisms. In vitro cell culture models are important tools for study-
ing molecular mechanisms. Multiple doses and time points can easily
be tested simultaneously. The complex mixture of compounds in CS
probably induces a similarly complex and multifaceted range of
biological responses, and with many molecular mechanisms are likely
to be involved. The biological response to CS can, therefore, be most
comprehensively studied using whole genome gene expression
analyses and high-content screenings, which allow this complexity to
be captured. This approach is also consistent with a movement to-
ward a new toxicity testing paradigm, a concept known as “toxicity
testing in the 21st century”. In this concept, it is envisaged that all
toxicity testing will use human cells or cell lines in high-content set-
tings to allow perturbations in toxicity pathways to be determined
(Krewski et al., 2010; National Research Council, 2007). Toxicity
pathways are cellular biology pathways that, when sufﬁciently
perturbed, lead to adverse health outcomes (National Research
Council, 2007; Stephens et al., 2012). In the “toxicity testing in the
21st century” concept, it is further suggested to move away from
evaluating apical endpoints toward identifying toxicity pathways
that can potentially cause adverse health effects in humans. Sys-
tems toxicology and in silico modeling approaches are key to im-
proving the mechanistic understanding of toxicity pathways and
integrating the data into a quantitative risk assessment framework
(Bhattacharya et al., 2011; Sturla et al., 2014).
Bronchial epithelial cells, which form a ﬁrst-line barrier protecting
the lung from inhaled organisms and chemicals, play a major role in
the pathogenesis of several CS-induced diseases. Themolecular mecha-
nisms induced by CS in lung epithelial cells were recently reviewed
(Nyunoya et al., 2014). For example, CS has been found to induce in-
ﬂammation, DNA damage, and autophagy in lung epithelial cells, caus-
ing the cells to undergo cellular senescence or transformation or to die
through apoptosis or necrosis (Nyunoya et al., 2014). Although several
studies have been conducted in which CS induced transcriptomic
changes have been investigated (reviewed by Brody, 2012; Sen et al.,
2007), only a few studies have been performed using lung epithelial
cells. In these studies the objectives were to compare different typesor brands of cigarettes, while increasing themechanistic understanding
of the effects of CS on epithelial cells. For instance, Jorgensen et al. exam-
ined the changes in gene expression in normal human bronchial epithe-
lial (NHBE) cells exposed to CS condensates from two commercially
available American brands of cigarettes over periods of up to 12 h. The
majority of genes that became expressed differentially were similar
for both cigarette brands. Functional pathways association analysis
implicated these genes in signaling pathways affecting apoptosis,
transcription, and regulation of the cell cycle (Jorgensen et al., 2004).
However, each condensate also induced its own signature of genes.
Pickett et al. compared the changes in gene expression after NHBE
cell exposure to CS bubbled into phosphate buffered saline (PBS)
preparations from 5 commercial and 4 research cigarettes whereby
21 common (at least two fold) differentially expressed genes were
found, including a strongly increased expression of genes involved
in xenobiotics and detoxiﬁcation such as CYP1A1 and CYP1B1, and
antioxidants such as GPX2 and NQO1 (Pickett et al., 2010). In
addition, unique response pattern were identiﬁed for each type of
cigarette. Yauk et al. exposed FE1 epithelial cells to smoke conden-
sates from full-ﬂavor, blonde, and “light” cigarettes, each at two
concentrations for 6 h. They did not detect clear brand-speciﬁc
changes in gene expression. All brands gave very similar expression
patterns at each time point and concentration. The changes in gene
expression were attributed to xenobiotic metabolism, oxidative
stress response, DNA damage response leading to cell cycle arrest
and apoptosis as well as inﬂammation (Yauk et al., 2012).
To date, no in vitro study using a whole genome transcriptomics ap-
proach describing the comparative analysis of molecular changes
caused by anMRTPexposure has been published. In the study presented
here, the biological effects of a pMRTP aerosol and reference CS were
compared to provide additional mechanistic insights into the perturba-
tion of cellular processes that occur when cells are exposed. NHBE cells
were exposed, using different doses and two exposure periods, to an
aqueous extract (AE) generated by bubbling either mainstream aerosol
from the pMRTP or CS from the 3R4F reference cigarette into PBS. The
examination of 11 indicators of cellular toxicity using a high-content
screening (HCS) method was complemented by microarray-based
whole genome transcriptomics analysis. A computational approach
using pathway analysis and mechanistic network models was then
used to identify the molecular pathways that had been perturbed. The
aim was to facilitate the development of a systems toxicological ap-
proach for use in future risk assessment in line with the 21st century
toxicology paradigm, i.e., to help to identify toxicity pathways
(National Research Council, 2007) and to demonstrate the applicability
of a systems toxicology approach to evaluate the risk associated with
pMRTPs.
2. Materials and methods
2.1. Cigarettes, pMRTPs, and preparation of the AEs
Reference research cigarettes 3R4Fwere purchased from theUniver-
sity of Kentucky (Lexington, USA; http://www.ca.uky.edu/refcig/) and
pMRTP test sticks were provided by Philip Morris Products S.A.
(Neuchâtel, Switzerland). The Health Canada smoking regime (puff vol-
ume 55mL, puff duration 2 s, puff frequency 2min−1, 100% of ﬁlter ven-
tilation holes blocked) was used to produce the AEs. The AEs were
generated by bubbling mainstream aerosol from the pMRTP or main-
stream smoke from the 3R4F through ice-cold PBS in a wash bottle,
thus trapping the water-soluble fraction of the aerosol or CS in the
PBS. Each 3R4F reference cigarette was smoked to a butt length of
35 mm, which took between 10 and 11 puffs per cigarette, whereas a
predeﬁned puff count of 12 puffs were used for each pMRTP stick.
Stock solutions containing an equivalent of 166 sticks/L (approx. 1769
puffs/L) were prepared for the 3R4F cigarettes and stock solutions con-
taining an equivalent of 400 sticks per liter (4800 puffs/L) were
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constituents in the pMRTP aerosol were lower, more sticks of the
pMRTP than of 3R4R sticks per volume were bubbled into the PBS
solutions.
The yield parameters per stick for the 3R4F and the pMRTPwere de-
termined using standard ISO methods and are shown in Supplemental
Table 1. The nicotine concentration was determined in the condensate
(ISO Standard 4387, 2000; ISO Standard 10315, 2000). The amount of
nicotine per stick as measured in the condensate was approximately
three times lower in the pMRTP than in the 3R4F. The total particulate
matter (TPM) yieldwas half in the pMRTP than in the 3R4F. The concen-
trations shown in Supplemental Table 1 give a general idea of the
differences between the concentrations of the compounds of
3R4F and pMRTP aerosols, and are not the measured concentra-
tions of the compounds in the AEs, but determined using the ISO
Standard methods. The focus of this study was to determine the
cytotoxic potentials of the water-soluble fractions of pMRTP aero-
sol and CS, and hence the focus of AE analytics was on the carbonyls
and volatiles (see below). As nicotine has a poor trapping efﬁciency
in aqueous solutions (approximately less than 8% compared to the
determined amount of nicotine in whole smoke (TPM combined
with the gas vapor phase), data not shown), it was not considered
to be meaningful as normalization parameter. In this study
the dosing was performed using puffs/L to compare the effects
between different AEs.
The AEs were freshly prepared for use in the cellular exposure tests
(see Sections 2.5–2.7), and theywere diluted in cell culturemediumand
used within 15 min after preparation. Carbonyls and other volatile and
semi-volatile compounds were determined from the undiluted aliquots
of AE (see Sections 2.2 and 2.3).
2.2. Determination of carbonyls in AEs generated from 3R4F smoke and
pMRPT aerosol
To quantify the amount of formaldehyde, acetaldehyde, acetone,
acrolein, propionaldehyde, crotonaldehyde, 2-butanone and butyr-
aldehyde within each fraction, an aliquot of the AEs was derivatized
and stabilized for 30 min by adding 2,4-dinitrophenylhydrazine so-
lution immediately after production before quenching by adding
pyridine. An aliquot of the derivatized solution was transferred
to acetonitrile and a mixture of internal standards (24 μg/mL
butanone-d5 and acetone-d6, each). The concentrations of the
eight carbonyls in the derivatized AEs were measured by liquid
chromatography-electrospray ionization tandemmass spectrometry
(LC-ESI-MS/MS), and the analytes were quantiﬁed using the ratio
of the analyte peak area to the peak area of either acetone-d6
or butanone-d5. The concentrations were expressed as μg/stick or
μg/puff.
2.3. Analysis of AEs generated from 3R4F smoke and pMRTP aerosol using
the ﬁngerprint method
A conventional static headspace (HS) gas chromatography (GC)
high-resolutionmass spectrometry (HRMS) method was used to deter-
mine selected volatile and semi-volatile compounds in the AEs. Two dif-
ferent dilutions of the AEs were transferred to headspace vials and a
mixture of isotopically labeled internal standards was added to each
vial. The samples were then heated to 100 °C for 10 min, and a 250 μL
aliquot of the headspace of each sample was injected into a GC instru-
ment ﬁtted with a J&W DB-624UI GC column (Agilent Technologies,
Santa Clara, CA, USA), in which the volatile and semi-volatile aerosol
constituents were separated using a gradient oven temperature
program. The analyteswere detected using aHRMS instrument (Agilent
7200 Q-ToF-MS; Agilent Technologies) using positive electron ioniza-
tion high-resolution mode. The instrument was set to scan m/z values
from 22 to 500 amu (using MassHunter software; Agilent Technologies).The exact masses corresponding to the most intense characteristic
fragment ions that eluted at the expected retention times of a
range of analytes were extracted, and 63 of the main volatile and
semi-volatile aerosol constituents were identiﬁed above a signal-
to-noise ratio of 3. The peak areas for the compounds identiﬁed
were log10-transformed and then normalized relative to the values
found for the 3R4F cigarettes. The compounds were ranked based
on the normalized relative responses. A heatmap was produced
using the “heatmap.2” function in the “gplots” R package (Warnes
et al., 2012).
2.4. Cell culture and exposure to AEs generated from 3R4F smoke and
pMRTP aerosol
The NHBE cells used were derived from a non-smoking 60-year-old
Caucasianmale donor (catalog no. CC-2540, Lonza, Germany). The cells
were cultured in bronchial epithelial cell medium (Bullet Kit, catalog no
CC-3170, Lonza). The cells were subcultured twice a week until passage
seven. Brieﬂy, cells were detached using the subculture ReagentPack™
(catalog no. CC-5034, Lonza), then cells were centrifuged at 300g for
5 min, resuspended and counted. Five million cells were seeded into a
T75 ﬂask for a 3-day culture. The cells were allowed to grow at
37.0±1 °C in a humidiﬁed incubatorwith a 5.0±0.5%CO2 atmosphere.
After the growthperiod, the cellswere seeded for the use in different as-
says as described in the individual subsections below (see Sections
2.5–2.7).
2.5. HCS analysis
For the HCS analysis, 12,000 NHBE cells were seeded into each well
of a 96-well black-walled clear-bottomed polystyrene tissue culture
plate (except for the mitosis/pH3 endpoint test, for which 3000 cells
per well were seeded). The cells were incubated for 24 h in the culture
medium and then exposed (in three replicates) to different concentra-
tions of 3R4F AE (6.25, 12.5, 25, 50, 100 and 200 puffs/L) or pMRTP AE
(140, 210, 280, 350, 450, and 570 puffs/L). The cells were exposed for
4 h, or 24 h before the HCS assays were performed. Appropriate positive
controls were used in parallel in each assay. Carbonyl cyanide m-
chlorophenyl hydrazone was used for perturbing the mitochondrial
membrane potential and the mitochondrial mass (determined using
MitoTracker®; Life Technologies, Thermo Fisher Scientiﬁc, Waltham,
MA, USA) and for determining cytochrome c release (antibody,
Abcam, Cambridge, UK). Tacrine was used for induction of reactive
oxygen species (indicated by Dihydroethidium, Sigma–Aldrich, St.
Louis, MO, USA), nocodazole for effects on mitosis (pH3 antibody,
Millipore, Millipore, Billerica, MA, USA), staurosporine for apoptosis
(CellEvent™, Life Technologies) and membrane permeability
(YO-PRO™-1, Life Technologies), ethacrynic acid for glutathione content
(monochlorobimane, Sigma–Aldrich), mitomycin C for DNA damage
(pH2AX antibody, Millipore), and colchicine for effects on MAPK
signaling (p-c-Jun antibody, Millipore). At least three independent
experiments were performed. Cell counts in all assays were
measured (Hoechst 33342, Life Technologies). The ﬂuorescence of
stained NHBE cells was measured and analyzed by acquiring images
using the Cellomics® ArrayScanVTI HCS reader (ThermoFisher
Scientiﬁc) and vHCSTMview software (ThermoFisher Scientiﬁc) as
has been described previously (Gonzalez-Suarez et al., 2014). A
one-sample t-test was used with the null hypothesis that the population
mean is equal to 1.
2.6. Cell viability
For the resazurin assay, 8000 cells per well were seeded into a
96-well black-walled clear-bottomed plate. The cells were exposed
to PBS, 3R4F AE, or pMRTP AE for 24 h ± 30 min at 37.0 ± 1 °C in a
humidiﬁed incubator with a 5.0 ± 0.5% CO2 atmosphere. A resazurin
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added 2 h ± 10 min before the end of the exposure period, then expo-
surewas continued for 2 h±10min at 37.0±1 °C in the incubator. The
ﬂuorescence was determined using a FLUOstar OPTIMA plate reader
(BMG Labtech, Ortenberg, Germany), using an excitation wavelength
of 560 nm and an emission wavelength of 590 nm. Six replicate mea-
surements were performed at each dose.
2.7. RNA preparation and whole genome expression arrays
For the gene expression analysis, 75,000 cells per well were seeded
into a 12-well plate. After 24 ± 3 h cells were exposed for 4 h, or for
24 h, in triplicate, to three different concentrations of AEs (3R4F AE:
low = 11 puffs/L, medium = 22 puffs/L, and high = 33 puffs/L;
pMRTP AE: high = 33 puffs/L, 9× high = 300 puffs/L, 18× high = 600
puffs/L) and to PBS control solutions. After exposure, RNA was isolated
using a miRNeasy micro kit (QIAGEN AG, Hilden, Germany). The RNA
was ampliﬁed and labeled as described in the Ovation® RNA Ampliﬁca-
tion System V2 user guide (NuGen, San Carlos, CA, USA) and the
Encore® Biotin Module user guide (NuGen). Fragmented labeled
cDNA was hybridized on Human Genome U133 Plus 2.0 arrays
(Affymetrix, Santa Clara, CA, USA). The arrays were washed and stained
using a Fluidic Station 486Dx and AGCC Fluidic Control software, and
were scanned using a the GeneChip® Scanner 3000 7G (all from
Affymetrix).
2.8. Computational methods and analysis
2.8.1. Gene expression array data processing
Raw CEL ﬁles were background-corrected, normalized, and
summarized using the frozen-Robust Microarray Analysis (fRMA)
(McCall et al., 2010). Background correction and quantile normaliza-
tion were used to generate microarray expression values from all
arrays passing quality control checks using the custom CDF environ-
ment HGU133Plus2_Hs_ENTREZG v16.0 (Dai et al., 2005). A log-
intensities plot, a normalized unscaled standard error plot, a relative
log expression plot, polyA controls boxplot, RNA degradation plot,
spike-in controls boxplot, and pseudo and raw images using R
packages were generated for quality checks (affy, affyPLM;
Bioconductor, Seattle, WA, USA) (Bolstad et al., 2003; Gautier et al.,
2004). Of the 48 CEL ﬁles that were produced, 47 passed the quality
control process. Gene expression data were submitted to
ArrayExpress (accession number: E-MTAB-3734).
To identify genes with differential expression following AE
treatment, a linear model was deﬁned: Expression = β0 + β1 × (dose/
stick-type/exposure time) + ɛ; for every dose/stick type/exposure time
(DSE), we ﬁtted a model to the samples in the DSE group and the corre-
sponding control group. The coefﬁcient β1 is equivalent to a pair-wise
comparison, DSE – Sham(DSE). β0 is the intercept, and ε is the error
term. The β coefﬁcients were estimated using the Limma R package
(Smyth, 2004). Doses were not ﬁtted in a single model as strong
heteroscedasticity between dose and exposure time was expected.
A heatmap of the log2 transformed gene expression fold changes
(FC) between samples exposed to AE and the corresponding samples
exposed to the buffer control was generated using the heatmap.2 func-
tion in the gplots R package (Warnes et al., 2012). A genewas deﬁned as
differentially expressed only if its |FC| > log2(1.2) and its fdr b 0.05. FC
was set to be zero for all the non-differentially expressed genes. Nega-
tive and positive FCs were indicated in cyan and yellow, respectively.
Hierarchical clustering was performed using the hclust function in the
“stats” R program (R Development Core Team, 2012).
2.8.2. Computational biological pathways analysis
Core analyses using the QIAGEN Ingenuity Pathway Analysis (IPA)
software (content version: 23814503, release date: 23 March 2015,
QIAGEN, Redwood City, CA, USA) were performed using a FC cut-off oflog2(1.2) and a fdr cut-off of 0.05. A comparison analysiswere generated
to compare the canonical pathways across all groups. Filterswere set for
all of the apoptosis related signaling pathways, for cell cycle regulation,
for cellular growth, for proliferation and development, for cellular stress
and injury, for growth factor signaling, for intracellular and secondmes-
senger signaling, for nuclear receptor signaling, for transcriptional regu-
lation, and for xenobiotic metabolism. The comparison analysis was
visualized in a heatmap displaying the negative log10-transfrormed p-
value derived from the Fisher’s Exact test. Sortingwas performed by de-
fault: The rows (i.e. pathways) with the highest total score (i.e.−log(p-
value) across all treatment groups were sorted to the top. The Nrf2-
mediated oxidative stress response canonical pathway with all group-
members were displayed. Group members which were differentially
changed at either one time point or one exposure condition were
extracted.
2.8.3. Computational network-based analysis
The computable biological network models used were speciﬁc to
non-diseased pulmonary and cardiovascular cells/tissues and captured
molecular events that could be potentially activated by exposure to en-
vironmental toxicants (e.g., CS). The biological mechanisms covered by
the networks included cell proliferation, cellular stress, lung inﬂamma-
tion, and cell fate (i.e., DNA damage, autophagy, apoptosis, necroptosis,
and senescence). Each network was built in a modular way, in which
each module (sub-network) described a speciﬁc biological aspect of
the entire network. The impact on total cell stress was computed from
six sub-networks (xenobiotic metabolism response, endoplasmic retic-
ulum stress, hypoxic stress, Nrf2 signaling, osmotic stress, and oxidative
stress). The impact on cell proliferation was summarized from 15 sub-
networks (calcium, cell cycle, cell interaction, clock, epigenetics, growth
factor, hedgehog, Hox, JAK/STAT, MAPK, mTOR, notch, nuclear recep-
tors, PGE2, and WNT). The impact on the cell fate was measured by
determining the impact on apoptosis, autophagy, necroptosis, response
to DNA damage, and senescence (Boue et al., 2015; Gebel et al., 2013;
Schlage et al., 2011; Westra et al., 2011, 2013).
The effects of exposure were quantiﬁed by scoring the impact on
each sub-network (referred to as “network perturbation amplitude”,
NPA). NPA algorithm (Martin et al., 2014, 2012) was used to translate
the gene expression FCs (with no p-value cut-off) into perturbation
scores of each sub-network, which are a quantitative measure of the
impact of an external stimulus on a biological process modeled by the
sub-networks. The algorithm calculated a value for each node in the
sub-network, and these were summarized to give a quantitative
measure of the NPA. Two permutation tests were used. The ﬁrst
was used to determine if the results were speciﬁc to the underlying
evidence (i.e. speciﬁc for the gene FCs) in the sub-networks, and
this test gave a permutation p-value (denoted by ∗O when b0.05).
The second test was used to assess whether the sub-network
structure contribute signiﬁcantly to the amplitude of the network
perturbation (denoted by ∗K when b0.05). The network was consid-
ered speciﬁcally perturbed if both p-values were b0.05, and the
perturbation was considered signiﬁcant if the conﬁdence interval
was additionally above zero.
3. Results
3.1. Chemical analysis of AEs generated from 3R4F smoke and pMRTP
aerosol
Carbonyls known to be present in the volatile phase of CS were ana-
lyzed by LC-ESI-MS/MS. Acetaldehyde was themost abundant carbonyl
in the 3R4F AE, as has been found in previous analyses of CS (Cheah
et al., 2013; Counts et al., 2005). All eight carbonyls analyzed were de-
tected in the pMRTP AE, but at much lower concentrations than were
found in the 3R4F AE. Formaldehyde was the least reduced carbonyl,
2106 U. Kogel et al. / Toxicology in Vitro 29 (2015) 2102–2115however the concentrationwas still more than 80% lower in the pMRTP
AE than in the 3R4F AE (Fig. 1A).
To gain additional insight into the composition of the AE generated
from 3R4F smoke and pMRTP aerosol, a static headspace GC-HR-MS
method was used to determine the volatile and semi-volatile constitu-
ents in the pMRTP and 3R4F AEs. 63 chemicals were found consistently
in both – 3R4F and pMRTP – AEs. All of them were found at lower con-
centrations in pMRTP AE than in the 3R4F AE (Fig. 1B).
3.2. Biological effects of AEs generated from 3R4F smoke and pMRTP aerosol
in the HCS assays
The results of the chemical analyses suggested that using a pMRTP
could decrease exposure to HPHCs compared with using cigarettes.
Next, we determinedwhether the lower concentrations of the chemical
compounds in the pMRTP aerosol were translated into lower biological
impacts on NHBE cells. Therefore, NHBE cells were exposed to a wide
range of AE concentrations generated from 3R4F smoke and pMRTP
aerosol for two time points. The biological effects were determined
using HCS-based assays.
Exposure to the 3R4F AE decreased cell numbers in a dose-
dependentmanner. Exposing cells to the highest 3R4F AE concentration
(200 puffs/L) led to a signiﬁcant cell number decrease by about 20%
after 4 h and by 60% after 24 h. Exposing cells to very high concentra-
tions (450 and 570 puffs/L) of pMRTP AE led to the cell counts decreas-
ing by between 5% and 23%, while lower concentrations had no effect
(Fig. 2A).
A 3R4F AE concentration of higher than 50 puffs/L compromised
the integrity of the cell membrane, resulting in a fourfold increase in
membrane permeability, at both exposure periods compared to the
PBS control. Cell membrane permeability is an indicator of necrosis
or late apoptosis. Exposing cells to pMRTP AE at concentrations of
350–570 puffs/L for 24 h resulted in a weak, not signiﬁcant, increase
(by a factor of about 1.5) in the cell membrane permeability
(Fig. 2B).
Apoptotic stimuli can change the inner mitochondrial membrane so
that themitochondrial permeability transition pores open and themito-
chondrial transmembrane potential is lost (Elmore, 2007). This results
in a number of cell death-promoting factors being released from themi-
tochondrial inter-membrane space to the cytosol (Saelens et al., 2004).
For example, one protein that is released is cytochrome c,which can ini-
tiate the caspase-dependent cell death pathway. The mitochondrial
potential decreased signiﬁcantly in a concentration-dependent
manner after 4 h of exposure to the 3R4F AE about 40%. However,
the mitochondrial membrane potential increased by up to a factor
of 2.5 compared to PBS exposed cells after 24 h of exposure to the
3R4F AE at a particular concentration of 100 puffs/L. The mitochon-
drial membrane potential was stable after 4 h exposure to the
pMRTP AE and slightly increased by a factor of 1.3 after 24 h of
exposure to the highest concentration (570 puffs/L, Fig. 2C). The
mitochondrial mass decreased by up to 40% in a concentration-
dependent manner at higher 3R4F AE concentrations (⩾50 puff/L)
after 4 h of exposure, whereas the mitochondrial mass only de-
creased after 24 h of exposure to the highest 3R4F AE concentration
(200 puffs/L). The mitochondrial mass decreased signiﬁcantly by up
to 20% after 4 h exposure to the pMRTP AE but no changes were de-
tected after 24 h. No cytochrome c release was detected after 4 h of
exposure to the 3R4F AE. In contrast, exposure to concentrations
higher than 50 puffs/L led to an increase in cytochrome c release by
a factor of 2.3 after 24 h.When cells were exposed to the highest con-
centration of pMRTP (580 puffs/L), a 1.3-fold increase in cytochrome
c release was found, but did not reach statistical signiﬁcance. A slight
concentration-dependent increase (up to 1.3-fold) in caspase 3/7 ac-
tivation was found after cells have been exposed to the 3R4F AE for
24 h. An increase in caspase 3/7 activation by a factor of about 1.3
was also found at pMRTP AE concentrations higher than 280 puffs/L, however that was only signiﬁcantly observed at 4 h exposure
with 450 puffs/L (Fig. 2F).
The phosphorylated histoneH3 (phosphoH3) concentration usually
indicates the number of cells that are in the M2 phase of the cell cycle.
An increased phosphorylated histone H3 may, therefore, indicate G2-
M cell cycle arrest when unaccompanied by an increased cell number.
No changes in levels of phosphorylated histone H3 were detected
when NHBE cells were exposed to 3R4F AE for 4 h. Exposing the cells
to the 3R4F AE for 24 h showed a signiﬁcant increase in H3 phosphory-
lation when the concentration was higher than 50 puffs/L but less H3
phosphorylation occurring when the highest concentration (200
puffs/L) was used. This decrease in phospho H3 levels was likely due
to cell death (cell count was only 40% of the number present in the con-
trols, Fig. 2A). No changes in H3 phosphorylation were detected when
NHBE cells were exposed to the pMRTP AE for either 4 or 24 h (Fig. 2G).
The phosphorylation of c-Jun can be used as a general stress
marker because the c-Jun N-terminal kinase (JNK) is activated by a
variety of stress stimuli. A weak increase in phosphorylation (1.3-
fold) was found after 4 h of exposure. Interestingly, phosphorylation
was detected to be increased by 3-fold at a concentration of 100
puffs/L after 24 h of exposure to 3R4F AE. A higher concentration of
3R4F AE (200 puffs/L) showed again a decrease in phosphorylated
c-Jun (1.4-fold). This was likely because such concentrations caused
cell death. Exposure to the pMRTP AE at the concentrations tested
did not activate c-Jun (Fig. 2H).
To investigate the oxidative stress response, the amount of reactive
oxidative species (ROS) present and the free amount of the endogenous
antioxidant glutathione (GSH) were measured. The amount of ROS in-
creased by a factor of 1.3–1.8 after 4 or 24 h of exposure to 3R4F AE at
concentrations higher than 50 puffs/L. A dose-dependent decrease (by
up to 50%) in the free GSH amount was found after 4 h of exposure to
the 3R4F AE. A decrease in free GSH amount was found after 24 h of
exposure to a concentration of 50 puffs/L or above (by 25% at 50
puffs/L to up to 80% at 200 puffs/L). No increase in ROS was detected
at any of the pMRTPAE concentrations (i.e. up to 570 puffs/L). However,
the free GSH amountwas found decreased by up to 60% in cells exposed
to pMRTP AE at concentrations higher than 140 puffs/L for 4 or 24 h
(Fig. 2J).
Quantifying the DNA double-strand break marker γ-H2AX con-
ﬁrmed the presence of DNA damage at 3R4F AE concentrations
starting at 100 puffs/L after 4 h of exposure and at 50 puffs/L after
24 h of exposure. There was a pronounced increase in γ-H2AX
about 7–9-fold at the highest 3R4F AE concentration (200 puffs/L)
at both time points. A 1.3-fold increase in γ-H2AX was detected
after exposure to pMRTP AE at concentrations up to 570 puffs/L
after 24 h of exposure (Fig. 2K).
In summary, no effects caused by pMRTP AE were found at concen-
trations similar between pMRTP AE and 3R4R AE at either exposure pe-
riod. Exposure to the pMRTP AE at concentrations higher than 350
puffs/L affected half of the cellular endpoints but less than what was
found after 3R4F AE exposure. An exceptionwas the (free) GSH amount,
which was decreased by 20–70% at pMRPT AE concentrations higher
than 350 puffs/L.
3.3. Gene expression changes after NHBE cells exposure to AE generated
from 3R4F smoke and pMRTP aerosol
The HCS results suggested a lower biological impact of pMRTP AE
compared to 3R4F AE. In order to conﬁrm these ﬁndings and to increase
the understanding of the mechanisms involved, gene expression data
were generated from NHBE cells after 4 and 24 h of exposure to
pMRTP AE and to 3R4F AE. To ensure high RNA quality, the highest
3R4F AE concentration was selected so that at least 80% cell viability
was observed by resazurin assay (33 puff/L). The equal concentration
was selected for the pMRTP AE, thus, the effects of the 3R4F AE and
pMRTP AE could be compared. Two additional concentrations were
Fig. 1.Chemical analysis of undiluted AE generated from 3R4F smoke and pMRTP aerosol. (A) Concentrations of representative carbonyls. The concentrations of eight carbonylsweremea-
sured in AE by LC-ESI-MS/MS. Themean concentrations (in μg/stick± standard deviation) derived from different aerosol generation runs (n=12 for the 3R4F samples and n=11 for the
pMRTP samples) are shown. (B) Targeted headspace GC-HR-MS analysis of 63 volatile and semi-volatile compounds present in AE (n=5). The relative responseswere log10-transformed
and then normalized relative to the values found in the 3R4F sample. The heatmap was generated using the R package in gplots. The key to the colors is shown as a histogram.
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Fig. 2.High content screening analysis of NHBE cells exposed to AEs generated from 3R4F smoke and pMRTP aerosol. Elevenmultiparametric indicators of cell toxicityweremeasured. The
mean values after exposure to 3R4F and pMRTP AE were normalized to the mean values from the PBS control. The mean signal values were aggregated from at least three independent
experiments (n ⩾ 3). The error bars represent the standard error of mean. ∗ Signiﬁcant different from the buffer control.
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pMRTP AE (300 and 600 puff/L; 9× high and 18× high).
Gene expression changes relative to the PBS control were deter-
mined after 4 and 24 h of exposure of NHBE cells to AE generated
from 3R4F smoke and pMRTP aerosol (Fig. 3). The 3R4F and pMRTP
AE samples both caused a concentration-dependent increase in differ-
ential gene expression after 4 h and after 24 h of exposure at the applied
threshold of fdr b 0.05 and |FC| > log21.2. No signiﬁcant changes in the
transcriptome could be detected when the cells were exposed to 33
puffs/L pMRTP AE, the equal concentration of 3R4F and pMRTP (Fig. 3,
Supplemental Fig. 1). When a pMRTP AE concentration of 600 puffs/L
(18× high pMRTP concentration) was used, an analogous number of
differential expressed genes as seen in the 11 puffs/L 3R4F AE samples
was found after 4 h of exposure and an analogous number as in the 22
puffs/L 3R4F AE sampleswas found after 24 h of exposure. Interestingly,
after 24 h exposure to 3R4F AE considerably less changes in the gene
expression were detected compared to the 4 h time point, whereas
more changes in the transcriptome were found after 24 h of exposureto the pMRTP AE compared to the 4 h exposure time point (Fig. 3,
Supplemental Fig. 1).
3.4. Biological pathways affected by exposure to AEs from 3R4F smoke and
pMRTP aerosol
In order to get an overview on the pathways in which the differen-
tially expressed genes play a role, the top canonical pathways using
IPA were determined (Supplemental Fig. 2). As no differentially
expressed genes were found when a pMRTP AE concentration of 33
puffs/L, the equal concentration of 3R4F and pMRTP, was used, no IPA
could be performed. One of the top canonical pathway affected by expo-
sure to AE was the Nrf2-mediated oxidative stress response. The Nrf2
canonical pathway in IPA comprises threemajor arms that are regulated
by the transcription factor Nrf2. These are the induction of
(A) antioxidant proteins to decrease oxidative damage, (B) phase 1
and 2 xenobiotic metabolizing enzymes, and (C) ubiquitination/protein
degradation/chaperones. Nine antioxidant genes were upregulated in a
Fig. 3.Gene expression changes inNHBE cells exposed to AEs generated from3R4F smoke andpMRTP aerosol after 4 and 24 h. For each gene, the gene expression changewas calculated as
the log2 FC, and the statistical signiﬁcance as the−log10 (fdr). The log2 FCs are shown on the x-axes. The−log10 (fdr) are shown on the y-axes. Negative fold changes are shown in the
volcano plots in cyan and positive fold changes in yellow. Changes below a fdr of 0.05 are shown as dark blue dots.
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AE. Five and four additional genes were only found differentially
expressed in cells exposed to the high 3R4F AE concentration (33
puffs/L) after 4 and 24 h, respectively (Fig. 4). After 4 h exposure to
9× high pMRTP AE (300 puffs/L) three genes and after exposure to
18× high pMRTP AE (600 puffs/L) 4 genes of the oxidative damage re-
sponse 9× were found upregulated. HMOX1 appeared thereby to have
the highest change in terms of FC. After 24 h exposure to 18× high
pMRTP AE (600 puffs/L) seven genes of the antioxidant response were
differentially expressed. All genes differentially expressed in cells ex-
posed to pMRTP AE were also found after 3R4F AE exposure.
Phase I and II genes from the xenobiotic metabolism pathwaywhich
can be activated by Nrf2 were found to be differentially regulated after
the cells had been exposed to 3R4F AE. This was more apparent in
terms of increased gene expression FCs after 24 h than after 4 h of expo-
sure. Typically, some of the cytochrome P450 isozymes (CYPs) involved
in the xenobiotic metabolism can also be induced by the aryl hydrocar-
bon receptor (AHR), and, indeed, the xenobiotic metabolism signaling
and AHR signaling pathways showed increased signiﬁcance in the top
pathway heatmap after 24 h compared to 4 h of exposure to 3R4F AE
(Supplemental Fig. 2). Sixteen of the 29 phase I and II enzyme genesshownwere also differentially regulated at the 18×high pMRTPAE con-
centration after 24 h of exposure.
Exposure to 3R4F AE for 4 h induced the Nrf2-mediated ubiquitin/
chaperone pathway arm in NHBE cells. In comparison, only one-tenth
of genes were induced if cells were exposed to 18× pMRTP AE for 4 h.
Exposure to 3R4F AE for 24 h induced the down-regulation of genes be-
longing to the ubiquitin and chaperone stress response. No genes in that
pathway armwere differentially expressed when cells were exposed to
the tested pMRTP AE concentrations for 24 h.3.5. Biological process networks perturbed by exposure to AEs generated
from 3R4F smoke and pMRTP aerosol
The IPA was used to identify the canonical signaling pathways
enriched in the data set. The method is based on the assumption that
differential RNA expression is equivalent to differential protein activity.
IPA is usually used with a FC- and p-value threshold. In contrast, biolog-
ical network analysis uses a reverse approach in which genes that have
been described in the literature as being regulated by a given protein are
clustered together. The assumption is then made that the regulator
Fig. 4. Nrf2 mediated stress response to exposure to 3R4F and pMRTP AE. IPA analysis was performed using a log2 FC cut-off of >1.2 and fdr corrected p-value b 0.05. Panels A–C are the
different arms assigned by the IPA to the canonical Nrf2 pathway. The IPA assigned genes were ungrouped and extracted from each arm. Only genes above the threshold in at least one
group are shown in the heatmaps. Negative fold changes are shown in cyan and positive fold changes in yellow.
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expressed. This method is used without a cut-off threshold (Martin
et al., 2014).The biological networks thatwere usedwere built speciﬁcally for the
use in lung and vascular tissue contexts (Gebel et al., 2013; Schlage
et al., 2011; Westra et al., 2011, 2013). Overarching networks can be
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ed (see Section 2.8.3).
The cell stress networkwas almost the only perturbed network after
the cells had been exposed to the low 3R4F AE concentration for 4 h
(Fig. 5). The xenobiotic metabolism, the Nrf2, and the oxidative stress
sub-networks statistically signiﬁcantly contributed to the perturbation
of the cell stress networks (Supplemental Fig. 3). In addition to the
cell stress, proliferation, cell fate (through contribution of the subnet-
works senescence, necroptosis and apoptosis), and inﬂammatory pro-
cesses were found to be impacted by the higher 3R4F AE
concentrations (Fig. 5 and Supplemental Fig. 3).
Exposure to pMRTP AE at 33 puffs/L, the equal concentration of
pMRTP and 3R4F AE, caused inﬂammation to be the most perturbed
network after 4 h of exposure, but the level of perturbation was a factor
of 2.41 lower compared to the perturbation of the inﬂammation net-
work in 3R4F AE treated cells. Exposure to the 9× higher concentration
of pMRTP caused cell stress to be the most perturbed network after 4 h
of exposure, but to a factor 1.44 less to what was found at the high 3R4F
AE concentration. The cell stress was characterized by xenobiotic me-
tabolism, Nrf2 signaling, oxidative and osmotic stress responses
(Supplemental Fig. 3). The cell fate was 1.56-fold less perturbed than
in the 3R4F AE high exposed cells. The cell fate perturbation composed
of perturbation in necroptosis, senescence, apoptosis and also a re-
sponse to DNA damage. Exposure to the 18× higher concentration of
pMRTPAE for 4 h led to an increase in cell stress perturbation by a factor
of 1.19, to an increase in cell fate processes by a factor of 1.57, and to
proliferation being equally perturbed than that was found in cells ex-
posed to the high 3R4F AE concentration.Fig. 5. Biological impacts on computational network models after exposure to 3R4F and pMRT
network, cell proliferation network, cell stress network as well as the networks that constitute
after exposure relative to the control (the sum for each is 100%). Color legend shows the color
0.05.After 24 h of exposure to the lowest test concentration of the 3R4F
AE cell proliferation was the most perturbed network. The perturba-
tions in the proliferation network increased by 1.57 and 2.09-fold as
the 3R4F AE concentrationwas increased, followed by increased pertur-
bation of the cell stress network.
Exposure to pMRTP AE at a concentration of 33 puffs/L for 24 h
caused less network perturbation than the lowest tested concentration
of 3R4F AE (11 puffs/L). The 18× pMRTP AE concentration (600 puffs/L)
caused a similar response pattern to that what was found after cell ex-
posure to 33 puffs/L 3R4F AE.
In general, a switch from cell stress network perturbation to an im-
pact in proliferation was seen when the exposure duration was in-
creased from 4 h to 24 h for pMRTP, as well as for 3R4F. Cell fate
processes were less impacted after 24 h than after 4 h of cell exposure
to 3R4F and pMRTP AEs.
4. Discussion
The purpose of this study was to compare the biological impacts of a
pMRTP and the reference cigarette 3R4F onNHBE cells and to obtain ad-
ditional mechanistic insights into the perturbed key cellular processes
caused by CS exposure.
Chemical analyses showed that a range of volatile and semi-volatile
constituents were present at lower concentrations in the pMRTP AE
than in the 3R4F AE (Fig. 1). In order to estimate the constituent
amounts that would be present in the 300 puffs/L (9×) and 600 puffs/
L (18×) pMRTP AE used in the gene expression analysis, the concentra-
tions of the analytes were roughly extrapolated by multiplying theseP AEs. The biological impact was calculated using the pulmonary inﬂammatory processes
cell fate processes. The numbers show the contribution (as a percentage) of each network
assignment to the networks. For the shown networks O and K statistical tests were below
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mined, only the formaldehyde concentration corresponding to nine
times and 18 times the original pMRTP AE concentrationwas calculated
to be higher than the 3R4F AE. Of the compounds determined using the
targeted ﬁngerprint method, extrapolation of pMRTP AE to a nine times
higher concentration resulted in approximately seven of the com-
pounds being higher than in the 3R4F AE. At the 18× high pMRTP con-
centration, 15 compounds would be higher than in the AE generated
from the 3R4F (Supplemental Fig. 4). In summary, even when the
pMRTP AE concentration in terms of puffs per liter was 18 times higher
than the highest 3R4F AE concentration, the concentrations of most of
the measured compounds were lower in the pMRTP AE than the 3R4F
AE. The compounds that were higher in concentrations in the 9× or
18× high pMRTP AE solutions could be an explanation for the observed
biological effects.
In the HCS experiments the highest pMRTP AE concentration (570
puffs/L) was approximately 2.9 times higher than the highest 3R4F AE
concentration (200 puffs/L). The decreased cell counts that were
found (Fig. 2A) could have been caused by cells dying or by the inhibi-
tion of proliferation. The HCS results suggested that exposure to 3R4F
AE at concentrations higher than 50 puffs/L resulted in necrosis (or
late apoptosis) observed as loss of cellular membrane integrity
(Fig. 2B). Further indications that cells dying of apoptosis were found
as the mitochondria appeared to be damaged. Both mitochondrial po-
tential andmitochondrial mass were found decreased after 4 h of expo-
sure to 3R4F AE (Fig. 2C and D). This damage was not associated with
release of cytochrome c or caspase activation (Fig. 2E and F). Howev-
er, cytochrome c was released strongly and slight caspase activation
occurred when the cells were exposed to the 3R4F AE for 24 h.
Unexpectedly, the mitochondrial membrane potential did not
decrease. This may have been caused by a targeted degradation
of the mitochondria with lower membrane potentials (e.g., by
macroautophagy), so that only mitochondria with high membrane
potential remained, which would have been detected as an overall
increase in the signal.
The decrease in the cell count after exposure to the 3R4F AE could
also have been caused by decreased proliferation. Hints that the cell
cycle was arrested at G2/M were found when the cells were exposed
to a 3R4F AE concentration of 100 puffs/L for 24 h (Fig. 2G).
The biological network analysis results also supported multiple rea-
sons for the decreased cell count. After 4 h of exposure to 33 puffs/L
3R4F AE the necroptosis network (part of the cell fate network) was
one of the most impacted processes (Supplemental Fig. 3). However,
the necroptosis network was not impacted after 24 h of exposure any-
more. It could be speculated that the genes that induce the necroptosis
network were regulated by a negative feedback loop and that this
would explain why the necroptosis network appeared not to be
perturbed anymore. The biological network analysis results also sup-
ported that the decreased cell count could be caused by apoptosis or
by senescence (Supplemental Fig. 3).
Exposure of NHBE cells to 3R4F AE at a concentration of 200 puffs/L
caused double strand DNA breaks to occur. Exposure to the pMRTP AE
showed also a small number of DNA breaks (Fig. 2K). It is well known
that CS can cause double strand breaks and induce the DNA damage re-
sponse in alveolar epithelial cells (Zhao et al., 2009). If the concentration
and duration of exposure do not exceed a certain limit, CS inducedDNA-
breaks can be reversible (Jackson and Bartek, 2009; Kim et al., 2004).
However, if DNA damage (and/or other forms of cell stress) overloads
the repair pathways, cells may undergo apoptosis or enter an irrevers-
ible cell cycle arrest induced by the DNA damage response, i.e., cellular
senescence (d’Adda di Fagagna, 2008; Norbury and Zhivotovsky, 2004;
Roos and Kaina, 2006). Indeed, CS has been shown to induce senescence
in alveolar epithelial cells (Tsuji et al., 2004; Zhao et al., 2009), and to in-
duce apoptosis (Lin et al., 2014). Senescence was not investigated using
HCS but cell cycle arrest was seen in cells exposed to the high 3R4F AE
concentration for 24 h (Fig. 2G). A cell staining for β – galactosidasecould provide further proof if the cells underwent senescence, and con-
ﬁrm the results obtained with the biological network analysis.
The cell proliferation network was more perturbed than were the
other networks after 24 h of exposure to the 3R4F AE. The perturbed
leading nodes within the perturbed proliferation sub-networks sug-
gested a downregulation of cell proliferation after 24 h of exposure to
3R4F AE (data not shown).
The decrease in the number of cells to 80%, when the cells were ex-
posed to pMRTP AE concentrations higher than 350 puffs/L, was proba-
bly caused by cells dying through necrosis, because the cell membrane
integrity was found to be affected after 24 h of exposure (not reaching
statistical signiﬁcance). This conclusionwas supported by the perturba-
tions that were seen in the necroptosis network in the computational
network analyses results. Some cells possibly underwent apoptosis or
senescence, which is also seen as a network perturbation
(Supplemental Fig. 3).
The overall results suggested that an increase in cell stress could be a
potential explanation for the underlying cause leading to the different
types of cell deaths thatwere detected. For instance, cell stress (through
the phosphorylation of c-Jun) was detected in HCS after the cells had
been exposed to the 3R4F AE but not after the cells had been exposed
to the pMRTP AE. The loss of detectable c-Jun activation in the cells ex-
posed to the highest 3R4F AE concentration could be explained by cell
death (see above). C-Jun is activated via phosphorylation by c-Jun N-
terminal kinases (JNKs, also called stress-activated phospho-kinases).
The JNKs in turn are activated by a variety of stress stimuli including in-
ﬂammatory signals and changes in levels of ROS (Davis, 1998). Thus, the
cellular stress that led to the c-Jun activation that was detected could be
partly attributed to the oxidative stress measured. A decrease in the en-
dogenous antioxidant free GSH concentration and an increase ROS con-
centrationwere detected after 4 h and after 24 h of exposure to 3R4F AE
(Fig. 2H and I). Remarkably, it has been shown that exposing rat lung
epithelial cells to ROS induced c-Jun (and c-Fos), which led to apoptosis
and to increased membrane permeability (Janssen et al., 1997). Inter-
estingly, decreased GSH concentrations also directly affect stress signal-
ing pathways due to increased DNA binding activity of the transcription
factor AP-1 (Bergelson et al., 1994). AP-1 is formed, for example, by the
heterodimerization of c-Jun and c-Fos. Furthermore, CS-induced cell
stress has been shown to induce the expression of c-Fos and this has
been demonstrated to be dependent on the intracellular glutathione
concentration (Muller and Gebel, 1998).
The low free GSH amounts that were detected may have induced a
higher expression of c-Fos and also may have activated the JNKs to
phosphorylate c-Jun which would lead to the formation of AP-1,
which, in turn, could regulate cell proliferation and apoptosis (Vesely
et al., 2009). Exposure to the pMRTP AE at a concentration of 210
puffs/L affected the GSH level, but exposure to the pMRTP AE was not
accompanied by ROS production, suggesting that the intracellular free
GSH levels could copewith the neutralization of the ROS thatwere pres-
ent. Further thismight have not led to the activation of JNK to phosphor-
ylate c-Jun.
Likewise, the computational networks analysis results showed that 4
and 24 h of exposure to the 3R4F AE led to a concentration-dependent
increase in cell stress (predominantly represented by xenobioticmetab-
olism and Nrf2 signaling; Supplemental Fig. 3). The results also showed
that high pMRTP AE concentrations resulted in the same amount of cell
stress, which was not detected using the HCS apart from the decreased
GSH amount.
Also the IPA pathway analysis suggested that exposure to the 3R4F
and pMRTP AEs triggered cell stress. The Nrf2-mediated oxidative stress
response pathway was strongly affected by exposure to the 3R4F and
pMRTP AEs at almost all of the concentrations and time points tested
(Fig. 4, Supplemental Fig. 2). The effect of CS on the Nrf2 pathway is de-
scribed very well in the literature (Knorr-Wittmann et al., 2005; Muller
and Hengstermann, 2012). Genes that were upregulated and found in
the Nrf2 pathway were, e.g., both of the glutamate–cysteine ligase
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these genes catalyze the ﬁrst and rate-limiting step in the production
of the cellular antioxidant GSH. Although baseline constitutive expres-
sion is required tomaintain cell viability, expression of the GCL subunits
can be induced in response to oxidative stress, GSHdepletion, and expo-
sure to toxic chemicals (Franklin et al., 2009; Lu, 2009). This response at
the gene expression level is in line with the results of the HCS which
showed that free GSHwas depleted after 3R4F and pMRTP AE exposure.
The induction of xenobiotic metabolism phase I and II genes (through
the induction of NRF2 and the AHR receptor), NQO1 and Cyp1A1 for ex-
ample, increased as the 3R4F AE concentration increased, but overall,
phase I and II genes were induced less by exposure to the pMRTP AE.
Further IPA revealed that the ubiquitin/chaperone pathways were in-
duced after 4 h of exposure to medium and high concentrations of
3R4F AE. This pathway was not induced any longer after 24 h of expo-
sure to the 3R4F AE, so it can be speculated that the cells could remove
or refold the damaged proteins. This would also be in concordancewith
the observed perturbations of the autophagy sub-network found in the
biological network analysis after 24 h of exposure to the high 3R4F AE
(Supplemental Fig. 3). Exposure to the 18× high pMRTP AE concentra-
tion for 4 h resulted in the differential expression of four genes, includ-
ing the stress-inducible genes HSPA1A and HSPA1B, which encode the
heatshock protein HSPA1. The HSPA1 protein is accepted as being a
cytoprotective agent (Schmitt et al., 2007). These ﬁndings conﬁrm
that the 18× high pMRTP AE concentration (600 puffs/L) caused cell
stress. These genes were also induced in cells exposed to the 3R4F AE
at concentrations of 11, 22 and 33 puffs/L.
The results of all of the molecular toxicology analyses showed that
pMRTP AE had a reduced effect compared with 3R4F AE when NHBE
cells were exposed to equal concentrations (33 puffs/L), and many ef-
fects could only be observed at exaggerated pMRTP AE concentrations
(9× and 18× high). IPA was found to be a suitable tool for performing
mechanistic investigations on the 3R4F AE effects and provided results
that were consistent with results of previously published studies. How-
ever, IPA could only detect effects on pathways at high pMRTP AE con-
centrations. In contrast, the results of the computational network
analyses allowed network perturbations to be detected at the equal
concentration of 3R4F and pMRTP AE. The computational network anal-
ysis results showed that if the pMRTP AE concentration was sufﬁciently
high, similar effects as seen for the 3R4F were detected. There was no
evidence for the pMRTP AE having effects that have not been observed
for exposure to 3R4F AE. For any kind of risk extrapolation, it has to be
taken into account that these exaggerated concentrations were mean-
ingful for mechanistic investigations but not for direct extrapolation to
potential in vivo effects.
The toxicity of the same pMRTP was assessed previously in a 28-day
rat inhalation study (Kogel et al., 2014). In order tomove away from an-
imal studies, we investigated here the impact of the pMRTP in an in vitro
cell culture system using a systems toxicology approach to evaluate the
risk associated with pMRTPs. The results were in line with the in vivo
ﬁndings showing reduced biological impact of pMRTP compared with
3R4F. Future attempts will include a more comprehensive evaluation
of the comparability of in vivo and in vitro ﬁndings. The limitations of
using submerged monolayer cultures include the fact that submerged
monolayer cultures do not contain all of the cell types that are present
in the in vivo respiratory epithelium. Organotypic respiratory epithelial
cultures exposed to smoke or aerosol from a pMRTP in vitromight serve
as a better model for comparative studies. Good comparability has al-
ready been shown between epithelial brushings from smokers and
organotypic respiratory cultures exposed towhole smoke in the context
of xenobiotic metabolism (Hoeng et al., 2013; Iskandar et al., 2013).
5. Conclusions
Wegainedmechanistic insights into the impacts of exposure to 3R4F
and pMRTP AEs on key cellular processes in NHBE cells, and these datawill be useful in future for assessments of MRTPs. Exposure to the
pMRTP AE appeared to cause considerably smaller biological impacts
on NHBE cells than the exposure to 3R4F AE did at equal concentration.
This was demonstrated by examining 11 indicators of cellular toxicity
using the HCS method and by the transcriptomics analysis results.
Under the thresholds, that were applied, remarkably less differential
gene expression was detected in cells exposed to the pMRTP AE than
in cells exposed to the 3R4F AE, and this, in turn, translated to reduced
pathways activation. Using a threshold-free network approach demon-
strated that, in general, the same networks were perturbed by both the
pMRTP AE and the 3R4F AE but that the pMRTP AE perturbations had
lower amplitudes when the equal concentrations were applied to the
cells. These data further support the notion that heating tobacco may
be an alternative to burning tobacco to reduce the number and amounts
of constituents that cause diseases associated with CS. We also showed
that a systems toxicology approach could contribute to an evaluation of
the risks associated with using MRTPs. Our results could help in the de-
velopment of a strategic framework (e.g., to identify toxicity pathways)
that could facilitate a systems toxicological approach for use in future
risk assessments, which would ﬁt into the 21st century toxicology par-
adigm (National Research Council, 2007).
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